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IMPROVEMENTS IN METHOD AND APPARATUS FOR ISOTOPE 
ENHANCEMENT IN A PLASMA APPARATUS 

Background of the Invention 

5 

1. Field of the Invention 

The invention relates to the field of apparatus and methods for separation of 
isotopes from each other and in particular to isotopic separations in plasmas. 

10 2. Description of the Prior Art 

The invention comprises improvements over the isotopic separation methods and 
apparatus disclosed by Dawson, 'Isotope Separation by Magnetic Fields. "U.S. Patent 
4,081,677 (1978) which is incorporated herein by reference as if set forth in its entirety. 

1 5 Brief Summary of the Invention 

The invention is an improvement in a plasma apparatus for isotope enhancement. 
The plasma apparatus has an elongated chamber for holding a main plasma. A 
mechanism generates a predetermined magnetic field in the chamber. A plasma source is 
20 provided in the chamber. Another mechanism moves the ionized isotopes from the 

plasma source along the elongated chamber at a resonance frequency of a desired one of 
the isotopes. A collector separates the isotopes based on their differential energies. The 
improvement comprises a pair of magnetic mirrors disposed at opposing ends of the 
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elongated chamber, so that resonant ions are reflected between the two magnetic mirrors. 
At least one of the magnetic mirror has a higher field strength than the predetermined 
magnetic field in the chamber so that nonresonant ions pass through the least one 
magnetic mirror and resonant ions are reflected therefrom. The collector for the resonant 
ions comprises a circular ring outside of the main plasma in the elongated chamber. 

Similarly the invention is an improvement in a method of providing isotope 
enhancement in a plasma apparatus described above comprising the steps of reflecting 
resonant ions between a pair of magnetic mirrors disposed at opposing ends of the 
elongated chamber, wherein at least one of the magnetic mirror has a higher field strength 
than the predeterrnined magnetic field in the chamber so that nonresonant ions pass 
through the least one magnetic mirror and resonant ions are reflected therefrom. The 
resonant ions are collected on a circular ring outside of the main plasma in the elongated 
chamber. 

The invention is visualized in the following drawings. 

Brief Description of the Drawings 
Fig. 1.1 is a schematic of the plasma device. 

Fig. 1.2 is a graph of the trajectories of the resonant and nonresonant particles. 
Fig. 1 .3 is a diagram illustrating in perpendicular cross section taken through the 
plasma device the radial ion and electron trajectories. 

Fig. 1 .4 is a graph showing the collision frequencies for slow ions collisions. 
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Fig. 1.5 is a simplified side view diagram of a collector. 

Fig. 2.1 is a graph illustrating the action of the magnetic mirrors. 

Fig. 2.2 is a simplified diagram showing the pair of magnetic mirrors and the 
main elements of the plasma apparatus. 

The invention and its various embodiments may now be understood by turning to 
the following detailed description. 
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Detailed Description of the Preferred Embodiments 

* 

Improvements to the both the source and collector is in a plasma isotope 
5 enhancement apparatus are realized in smaller plasma devices without the Calutron 
processing step. These improvements include the use of a high field source region to 
generate the plasma, the use of a gas vapor -electron-cyclotron-resonance -heating (gas 
vapor-ECRH ) source, efficient routing of microwave feeds used for the ECRH t 
replacement of the Calutron process and stabilization of the plasma in a high mirror ratio 
10 configuration, computer system control of the entire process for automatic operation, and 
vertical configuration of the apparatus to allow the use of different types of vapor sources 
and better use of magnet systems. 
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Chapter 1 

The Plasma Enrichment 
Process 

The plasma enrichment process (PEP) distinguishes between different par- 
ticle masses by their cyclotron frequency in a magnetic field. Basically, th 
particles are ionized in near vacuum and placed in a uniform magnetic field, 
where they orbit, around the field Hues, at their cyclotron frequencies. Be- 
cause of the mass dependence of the cyclotron frequency, particles with a 
specific mass can be selectively accelerated. This allows discrimination be- 
tween isotonic masses. 

This chapter provides an overview of the plasma enrichment process 
(PEP) from a theoretical point of view. First a quick overview of a gen- 
eral PEP device is presented, then a historical development of the process, 
followed by a detailed theoretical analysis of each section of the device. The 
following chapters discus each section of the Gd-PEP device in greater detail. 

1.1 Overview of a PEP device 

A PEP device consists of three basic regions (figure 1,1); a source region, an 
enrichment region, and a collection region (or process). To a large degree, 
these individual regions can he treated independently, each with its own 
special requirements. 

In a quick overview of a PEP device, the source region produces a plasma 
that flows into the enrichment region. As the plasma drifts through the en- 
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nchment region .the desired species is selectively heated in the perpendicular 
direction by ICRH (ion cyclotron resonant heating). Finally, the plasma ar- 
rives at the collector region, where particles with 'high" perpendicular enerev 
are collected, while particles with "small' perpendicular energy are rejected 
(collected in a particle dump). 1 

1.2 Units 

Unless otherwise stated, all units used in this report will be cgs-gaussian 
The only exceptions are for temperatures which are in electron volts and 
pressures winch are in ion. 

1.3 Source Region 

The source region must produce a plasma from the source material. This 
plasma should be fully .onizod. and have sufficient density to meet the 
throughput requirements. Additionally, the source must not interfere with 
the separation process. 

Instend of keeping this discussion completely general, it will be assumed 
that the plasma source is an ECRII (electron cyclotron resonance heating) 
source. An LCRH source, creates a localiwd region where the electrons 
are healed to several eV. I.y absorption of microwave power at the electron 
cyclotron lre<,uency. Any neutral particles passing through this region are 
I?."' 2 ™!, CO " ^m, ' ,l '•>■ ibv "'«S»«'tic field, to produce the plasma stream 
The ECRU source must be supplied a stream of neutral particles to form the 
plasma. Currently no restrictions are placed on the neutral source, which 
could be supphed by direct gas feed, ion sputtering, evaporation etc The 
ex.stenre <>r the ECRU region, however, places several constraints on the 
system. 

To prevent ihe ECRU source from interfering with the enrichment pro- 
cess, the two regions must be at different magnetic fields. The location of 
each region is determined by a resonance condition that depend/on the mag- 
netic field, this allows the regions to be separated. For clarity, quantities in 
the source region will be identified with an «S\ and quantities in the enrich- 
ment region will be identified with an 'E\ Additionally, it is useful to define 
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the ratio o of the enrichment magnetic field to the source magnetic field. 



" = (1.1) 



Bs 

In reality, the magnetic field restrictions on the ECRH region are some- 
what stronger. In particular, a particle will gain energy from a wave whenever 
a harmonic of the particle cyclotron frequency matches the frequency of the 
wave. For electrons, this can be expressed as: 

-TiCHH = f u;« (1.2) 

(where ~'fxrh is the microwave drive frequency, C is an integer value, and 
u) ee is the electron cyclotron frequency). From this relation, it can be seen 
that if the primary ECRH region is created at the magnetic field Bs* there 
will be additional ECRH regions at, /?$/2, £s/3, B$/4, and so on. The first 
harmonic is always the strongest, because the other harmonics couple into 
the plasma via nonlinear terms. If the plasma passes through any of these 
other resonant regions, the electrons will be heated, and will again transfer 
energy to the ions, which is not desirmblc. 1 Thus to avoid the additional 
resonant regions, the conditions n > 0.5 is imposed. 2 



1.3.1 Plasma Throughput 

The major constraint on the source is the particle throughput (T). The 
particle throughput is simply t.he flow of particles through the device, 

F = n s v$sAs{ (1.3) 

'Transferring additional ECU II nirrgy to iln» pluma will increase the initial temper- 
ature of the pl*«*ma. Tlii* results requiring additional ICRI1 power to overcome the thermal 
energy of lite pi its ma ( footnote T») Additionally, the exigence multiple resonance regions 
may prevent propagation of tin* ECRH power to the actual source location. 

5 In reality the transfer of energy hy KCRII is more complicated. In particular, the 
ECRH can only heat the plaama when the wave has ari electric field component parallel 
to the magnetic field. This additional restriction can be used to provide access for the 
ECRU source, hy routing :i waveguide in such a manner that the electric field is always 
perpendicular to I he magnetic field (section ??). hi general, however, the condition a > 0.5 
is practical. 
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(where n s is the plasma density, vq S is the parallel velocity, A s is the plasma 
area, and £ is the total efficiency of the system). 3 

An ECRH source produces a density that is determined by the local 
magnetic field. In particular the ECRH source will produce plasma until 
cutoff occurs. This is where the electron plasma frequency ( Wp .) is equal to 
the electron cyclotron frequency (w ee ). Thus the source density limit is: 

(where e is the electron charge, m is the electron mass, and c is the speed of 
light). This relation ran he reduced to 

Examination of the density equation indicates that the plasma density in- 
creases as the square of the magnetic field. Thus the highest density, and 
throughput, are obtained when the source is placed at the highest magnetic 
field. 

Tin- ionized panicles leave the ECRH region with a specific temperature, 
which determines the average parallel drift. 



{where SI is the ion mass. T ns is the parallel plasma temperature in the 
source region, and // = LuO'J x ICT^erg/eV converts between the energy 
units eV and erg). 

Equations 1.5 and I .(> ran be combined with the flow equation (1.3) to 
determine the required sonrre area, given the magnetic field and parallel 
temperature. 

.\xVc*mAiy* 

*The totnl efliciciicy { \& tlie product of the efficiencies of all processes in the device. 
Most proc«w*e* have mii efficiency or 1. and can he ignored. Some processes, however! 
have lower I'llicirtirir*. ait J thus dermic Hie synrcin throughput. The primary processes' 
with efficiencies le*s th»u I «rc. plas.ua product ion (section ??) and product collection 
(section 1.3). 
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From the above Analysis it is obvious that the source region is charac- 
terized by essentially two numbers, the magnetic field Bs, and the parallel 
temperature From these numbers all relevant source quantities can be 
calculated. To fully characterize the plasma parameters (section 1.4), how- 
ever, the perpendicular temperature in the source region {T±s) must also be 
known. 

1.4 Enrichment Region 

In the enrichment region, the plasma drifts through an ICRH (ion cyclotr n 
resonant hearing) zone. The ICRH drive consists of a rotating electric field 
that is perpendicular to the main magnetic field (Be). Because the ICRH 
coupling is dependent on the magnetic field, the ICRH source must produce 
a rotating electric field without producing magnetic perturbations along the 
axis of the device. The desired rotating electric field can be provided by a 
bifilar antenna [I l]. 

1.4.1 Particle Motions 

Considerable insight, into the operation of a PEP device can be gained by 
examining the motion of the plasma in the single particle limit. This model 
provides only an approximate view of the behavior of plasma in the device, 
however, it is still adequate to calculate many useful quantities. 

Consider a coordinate system where the r-axis lies along the magnetic 
field. The equal ions or motion for an ion in the magnetic field are given by, 

Mr r = r, /■>;-"<••*'" + WrfU, (1-S) 
Mi\ = /V//LV^™' -u/c-V* (1.9) 

(where wicnit is the ICRH drive frequency, <\ is the particle charge, and E 
is the electric lield). These equations can be solved by differentiating each 
equation and inserting it into the other equation. 

f-, = <(w,cki« + ^st^r' - (MO) 
r, = -i^mil ' (1.11) 

(Where £ = tjfC/M is the electric acceleration.) 
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Figure 1.2: Particle trajectories for resonant mid non-resonant particle*. The ICRH drive 
fretpieucy rorrrspomls io n mn^ miii of UK) (*oli<l line). The dotted lines correspond to 
uon-rcMOiifliit particle* (.ItUWriii iiui**ns). The r«oniuit particle* continuously gain energy 
from tin- K NII drive. I he tinii- remnant, panicle lirst gain energy and then loose energy 
as ihcy *hp mih or phase. All particle arc „iMrted from rest and are followed for a time 
etpial to 7T, cyclotron period* for a inn** unit IU0. 

For resonant ions (u-v = ^ichii). these equations have the solution 

o K = (St ^OW***' (1.12) 
= i(St + C)c"^ c «» l (i.i3) 

(where C is a rousijtur, clric-rintiicil liy the boundary conditions). Resonant 
ions, thus gain velocity lint-iirly uvc-r time (figure L2). Non-resonant ions 
# **-'tcnii). houvvrr. haw solutions to equations 1.10 and 1.11 of the 
form: 

r, = (. — c ^crm-w«>« + ^ .-..I flu) 



BNSOOCID: <WO 972O620A1 J_> 
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\(^!CPH -«>ei) / 

These panicles alternately gain and loose energy in the ICRH region (fig- 
ure 1.2). The maximum perpendicular velocity gained by a non- resonant 
particle has the form: 



(1.16) 



For resonant particles, however, I here is no upper bound on velocity gained. 

1.4.2 Source Flow 

As plasma flows from the source region to the enrichment region, the plasma 
parameters change. These changes ran be understood by knowing that en- 
cr &y> parti^h- flow, and nuiguel ir moment (Mv\/'2B) are conserved as a 
particle moves from one magnetic hold lu another [4]. 

As the particle moves from th<* sourer region, both the parallel and per- 
pendicular velocities (and tempera Hi res) are modified. If there is no reflection 
of the particles (see below), the relation between the source quantities and 
the enrichment quantities are given by: 

T ±r ; = T ±s a (1.17) 

= t% ls* (1-18) 
% = 7]|v + 7±>-{ I - a) (1.19) 

Examiualiou of the above equations shows that if the particles move from 
a high field region to a low held region, t hey gain parallel energy and loose 
perpendicular energy. In eon verse, if the particles go from a low field region to 
a high field region, they gain perpendicular energy and loose parallel energy. 

A special case shows up in equation 1.20 when a is very large (travel 
from a low field region to a high field region). In particular, it is possibl 
for the right side of this equation to become , negative, indicating that the 
particle could not have made it. into this region. This phenomenon is known 
as magnetic mirroring [ I. ■">). and will cause* particles with insufficient parallel 
energy (as compared to the perpendicular energy) to be reflected from a high 
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field region. In general this phenomenon does not present a problem in a PEP 
device. 

Because ilie plasma panicles are essentially "stuck" to the magnetic field 
lines, the area of the plasma will change, as the magnetic field changes. The 
change in area is given by 

A E = As/n. (1.21) 

Finally, the plasma density will change. The change plasma density 
change can be obtained from conservation of particles, which requires that 
the flow (equation 1.3) is a conserved quantity (if plasma is not being created 
or destroyed in the region). The change in the plasma density must offset 
the change in the plasma area (equation 1.21 ) and the change in the parallel 
drift velocity (equation 1.20). 

=• — (1.22) 

v = + (1 . 23) 

1.4.3 Device Length 

The length of the enrichment region ( L ) is determined by the axial drift 
velocity (ejj/r). and by the mass it-solution required. As the device length 
is increased. 1 be resonant, species continues to gain energy and reaches ever 
incrc;isiu» urhii >i/.c. The iu>n-re>t»in»ni. *pct ies. however, are still restricted 
by equation I.Ki lo a uiiiximuiii velocity. 

If the required ratio between I he orbit, size of the resonant species and 
the non-resonant species is 1 

"it 

(where the t Lr hikI r Lnr are the gyroradii of the resonant and non-resonant 
species, and I he v' and 'ur* indicate resonant and non-resonant, respec- 
tively). Expanding the gyrorndius in terms of the velocity and cyclotron 
frequency. 

•*=— — (1.25) 



•*»Vir ''inr 



4 irilieH» ;irr imtrr Mini our noii-rfstHuiiii »|mtm-s, then uae the -species that is closest to 
the re*nn/tnl sprritv in nuiss in diMrriuiiie the ilrvice length. 
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Inserting tlic vrloritygaiin.il by resonant particles (equations 1.12 and 1-13), 
and non-resonant particles (equation 1. 10). 



J = 



= r 



Be cAInr Sht 
(frB AM 



fir Be QnrBE 



AM 
Tu/icnn— — 

-Wnr 



(1-26) 
(1.27) 
(1.28) 



Where t is I lie ti iinsii l.inir HfiKss tlic enrichment region and tlie adjusted 
mass dilFcrenro is 



AM = 



M nr - Mr 



(1.29) 



In the above dcrivaiiun. is has been assumed that the initial thermal energy 
of the particles is small compared lo the energy gained from the ICRH drive. 5 
Equation 1.2S ran l»e reverxeil to determine the required transit time for 
a particle across the enrichment region. 



r > 



* Mur 



AM 



-'ICMH 



(1.30) 



''The rousuutl ("in r<|iiai n>n> 1.1 'J l.l'i is il« I i*rinmo<J by thr boundary condition* on 
the panicle. ;is it fillers Hie enrichment region. Examination of these equations, indicate* 
that this rrnotaiii will l»i< on I lit- ordt-r cA »* x /; ( ,hP perpendicular thermal velocity), and 
can he dropped in the ca$c: 



~ It'll! I ~ -'oiir | 



l\LE 
*>LE 



Substituting llir perpendicular vi-lnriiy ftptm ion (1.18). ami the transit time equation 
(1.30). iliw limits can be written 



> 
> 



y/^f±sfh: Zr A A/ 

r Z nr Mr 

y/ttVxsDc AM 



M n 



Since the value of J is alwnys above I. the second restriction can be neglected, and the 
first equation i|i»t en nines I ho r^nuir»-tl held mrength. 
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Combining this with llu: cyclotron frequency, the number of cyclotron orbits 
required in I he enrichment region is obtained. 

Alternatively, combining the drift time (equation 1.30) with the parallel drift 
velocity (equal ion 1.20), the length of the enrichment region is determined. 

•*'icnh ±M 
1.4.4 Plasma Radial Size 

The consi minis on i lie* ;uvh of I he plasma column rec|uired to get the ap- 
propriate t .ImmglipnL (equations 1.7 ami 1.21) ate not the only area require- 
ments. In pari iruhir. if I he plasma column is small compared to the gyrora- 
dius of the ions, then charge sep.irai.ion can occur (figure 1.3). The electrons 
have very small gyroradii. and are confined in the center of the column. The 
ions, however, have larger orbits and thus cover a larger radius. This results 
in the renter of the column becoming negative and the outer edge becoming 
positive'. The resulting radial electric held drives instabilities in the plasma 
thai can disrnpi I !«• enriehineul profess. 

lo runnier this problem. I he gvroradius of the accelerated species must 
be less than the radius of ihe plasma «olnmu. Tins requirement can be 
expressed as - > I. where - is ihe plasma radius over the accelerated species 
gy roradi us: 

If the desired gvroradius of ihe resonant species is given by Ri % then 
equations 1.12 and 1.13 can be used to determine the desired electric field 
strengt h. 

it M nr 
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Figum 1.3: When ilio ion -yror.ulius is lnr S e. rlinrge separation can occur. The electrons 
remain trapped in ihe iviiht *»f ilic- column", by I heir small gyroradius. The ions, however, 
form a Ur«cr cloud around ih.« rlni run*. This raus<* ihe center of the plasma column 
to become negniivr. ami I In* surrounding area in become positive. The resultant radial 
electric field ivitli provides \ Ur frr«. energy Tor plasma instabilities which can disrupt the 
enrichment prorcss. 
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Additionally, 7 ran he written as 1 * 




2-0 R L ' 



As I 



(1.35) 




As > >™{lth) 



(1.36) 



1.4.5 Collisional Considerations 

The effect ol collisioiial pron'ssrs cm t in- plasma in the enrichment region is 
both important and complex. Initially collisional processes can be divided 
into collisions elferting I he* parallel and perpendicular particle motions. 

Collisions along 1 |,c magnetic axis of 1 he device can be neglected. These 
collisions primarily serve to move all 1 Ik- panicles along the device at the same 
drift speed. At long limes, these collisions will he«in to convert perpendicular 
energy (suppled l.y ihe ICKII drive) ii.tu parallel energy. This would required 
a slight increase in the deviee length to K n Lhe desired isotopic separation. 
This process, however. lakes a longer lime then the typical transit time in 
the deviee. ihu». dues iiui elh-i I the plasma. 

The collisional processes everting the perpendicular energy of the plasma 
are more important. Since the mass discrimination is based on selectively 
increasing the energy of one species over the other, and collisional process 
that removes energy from the resonant speries is important. 

Perpendicular collisional processes in 1 he plasma ran l>e divided into four 
ma jor groups: 

1, Collisions at low veloeily, 

"2. Collisions «il high velocity. 

•3. Charge exchange collisions. 

"An mlditionnl I'ortu for-, cm l><* ul>lnmt><l hy combining equations 1.33 and i.34. 



This Term >>(l\ t r .•,,h;h „,i, i> h,, |,,| i,, n-lai.- 1 in- .-l.-ririr li.*ld stn-n^ili clirrctly 10 l lie radius 



JTM , fr i;.t M, tr 
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4. Collisions between the plasma and neutral particles. 

Each of these rollisional processes ran be examined. To simply the analysis, 
a very limited rollisional model will he used [3], In particular, the numbers 
calculated here from rollisional effects are only good to an order of magnitude. 
Whenever possible, however, the errors have been on the conservative side. 

Low Velocity Collisions 

At low velocity. I lie plasma rollisional proress is dominated by long-range 
coulomb collisions. These collisions essentially provide a viscus drag between 
the resonant anil nun-resonant particles (including the electrons). The result 
of these collisions is lo at tempi to make all particles move with the same 
velocity. The collision lre<|ueucv lor slow ions, in the low energy region is [3] 
(appendix ??): 



Where // is the mass mimher for l he ion species, A is the Coulomb loga- 
rithm, and the sum is over all non-resonant ion species. The first term in 
equation I .M is from I he lowing of resonant ions from electrons, and the 
second term comes from slowing due to collisions with non-resonant ions. 
In the limit of slow plasm;* collisions. A is in the range 10-20. and can be 
approximated l»y I he formulas 

Where 7\ ( is the electron perpendicular temperature at the source, and all 
ions species are taken to have the same temperature. 

Examination of equation I ..'{"(figure I.I) indicates that the collisions rate 
for ions drop> rapidly as the* ions gain energy. Because of this rapid drop, a 
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Figure 1.4: ( ..ll,«,o lw („,,„,„,> lor sl.m- i..„ collisions. Although the formula plotted 
e <,..nlion |..», ) \n-^„„s i„rr.,,>i,, s ly inorr inaccurate for higher ..-..orgy ions, il can be seen 

that ns I In- .on ......ray .„rr.»>.>. i ..||isi.„,s ran- .1,-rn-as,*. This nlloxv* .he accelerated 

.on, runaway I., v.-ry hi s h .-u. rsi.-s. Tho collision fr^uencv is solved us.ng a single 
uoiiTi-MiUiii ii s,»vi.-s wh. r.- „ r < „„ r . ,, r - /( „ r . .•„„j 7^ _ TxE _ r 
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thermal runaway condition ran be achieved [7, 8]. In this case the resonant 
species is accelerated sufficiently fast that the collisions rate drops before the 
energy can he transferred to the non-resonant species. 

Because the collision rate increases with the plasma density, the require- 
ment that runaway ions ran he created sets an upper limit on the plasma 
density. 

< ~ic mi (1.40) 

This equation can lie combined with equation 1.37 to determine the maxi- 
mum plasma density. 

To obtain an expression for i he maximum density, some assumptions 
need to he made. In particular, it will he assumed that there is one major 
non-resonant ion species that Conns I he ma jority of the ions. This gives the 
following conditions. 

»,.r ^ *n: (1.41) 
//, = ^ C"/-; (1-42) 

», < n.„ (1.43) 

Tlie ratio til I In* ion collision frequency lo I he electron rollision frequency can 
be obt aiiied: 



6** ift-'^Efn.^ nEZ hn X< 

I'r V I'r J 



l.(iy|(.- " sZ ' Ai 



_ . x /7T!7i/'..r + i>r\'/.i r \„ 



,< r .\ 



(1-44) 

(1.45) 
(1.46) 



Examination of litis rat io indicai.es. t hai for sioiv collisions, only the ion 
collisions need lo be considered. Tin* collision frequency will he simplified by 
ignoring the density dependence in A;;. These equations can now he solved 
for a maximum density. 

l.r» x KUcmh/^^; 



WO 97/20620 



PCT7US96/19468 



- 20 - 



High Velocity Collisions 

After runaway lias occnrrrd. the collisions process is dominated by close- 
range collisions. These pmc<*sses include close range Coulomb collisions, 
charge exchange collisions, and many other processes. In general, these col- 
lisions are? diflicnlt. to accurately calculate, and thus asymptotic formulas for 
the collisions rales will he used [:|J. These formulas are only approximate, 
thus the results of this enleubitioii are only approximate. 

In this region, jt j s important, that aileepuite lime is given to accelerate 
the resonant species bet ween eollisions. This time requirement can be simply 
stated as[{>] 



-A .1/ 



Using the "slowing-down" collision rale[:l] 



(1.48) 



- Ll x 10 d.49) 

(where t is some weighted average energy (in electron volts) for resonant ions 
in the enrichment region). 

Unlike the slow eollisions. neither the ion-electron or ion-ion collisions 
clearly dominale over the ot her. in this ivgion. Thus both types of collisions 
must l#e retained. Hy tmikiii" the assumption 1 hat. there is cue dominant 
non-resoin.m .species ( < /,„, - »,.•]. eipial ion 1. If) can !><> simplified, and 
converted into a density limit. 

Mr?.'} { I.T X \U-\„f lr/lttr + ! U , k M)-«ZZ r \ lt {,i nr + fir)} (I ' O0) 

To finally solve the above etpiaiion. some form has to be assumed for the 
average resonant ion energy c. For simplicity, this energy will be taken to 
be hair the terminal energy of the resonant ions. This gives the following 
relation. 

tf-^ (1.51) 
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The factor // in the denominator is necessary to convert the kinetic energy 
into electron volts. This can In* combined with equation 1.50 to obtain a 
final form For the density limit. 



< A.\/.\/;^/?i^ rmi ^ wW xy 2 

tojWZ'j {1.7 x IO- H A ir ,i r/ u r + 9.0 x lO-^Z^A.K/w +/ir)} * " ; 
Charge exchange collisions 

Another rollisjonal process that heroines dominate at very high energies is 
charge exchange. In this process, an accelerated (resonant) ion exchanges an 
electron with either a neutral particle or with a multiply charged atom. This 
is significant because surh interactions dosi roy the resonance condition for 
the ion. hi either interact ion. I he charge si ale i»f I lie resonant ion is changed 
and the resultant particle is no loii»cr resonant. 

Charge exchange with neutral itms ran he rednred to a non-significant 
level by t out roilui.*> the ioiireul rat inn of neutrals (see next section). Charge 
exchange between dilfereiil chau»cd states of the resonant ions can be pre- 
vented liv allowim; only a siu.ide change slate in the system. In most cases the 
base charge state will he the used {Z r = Z ur = 1)- By preventing production 
of any oilier charged slates (seel ion ??} i his process can he reduced to an 
insignificant level. 

Additionally. I lie charge exchange cross sect ion is strongly dependent on 
the velorhy of i lie ions. This allows additional control of the process by 
keepins; t he particle velocities to a moderate level. Target resonant ions in 
the Cid-IM'.P device will have a JO ."UteV energies, and thus are relatively 
slow for charge ex< haugc. Atldilional study of t lie charge exchange process 
will he required before linal innst nu t ion of a CId-PEP device, however, given 
the low inimlicr of neutral and/or doubly ionized particles in the Gd-PEP 
device, charge exchange does not appear Jo present a problem. 



Neutral- Plnsma Collisions 

Collisions between neutral particles and the plasma present a much smaller 
problem. This is mostly because 1 he uncharged neutral particles cannot 
interact with inns at long rautsc. In*lcad. t hese collisions are very short range, 
anil t hus have smaller cro*s >ectiwiis. Kurt her. neut ral collisions can be easily 
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controlled by simply n-iiiuving the neutrals. In general, the assumption will 
be made that 

"« < "£ (1.53) 
(where is the- neutral density). This condition guarantees that plasma 
collisions dominate over neutral collisions. Combining the above equation 
with the? ideal gas law, the maximum neutral pressure in the system can be 
obtained.' 

/*<:*. II x l(r ,T » E (1.54) 

1.5 Collection Process 

The collcciion pni.rss is (he liunl sta»c „r 1 he device. Here, particles with 
"high" |MM |M»iidiriilar<Micrio- art- collec t i«d as product and particles with "low" 
perpendicular energy are rejected (collected as ladings). Only the simplest 
form uf collector is described here. A more advanced collector system is 
currenlly being developed at I'U.A (chapicr 2). If t his collector is successful, 
it will allow r,,r very high enrii IiiiicmiIs I- !)<)%). and very high collector 
efficiencies 1 ). This advam-rd collector design, however, requires a B type 
PEP device (section |.(i). 

I he Minplot ( c llcci or dcM»n |ii«nre !.."») consists of a series of slats and 
plan- parallel and perpendicular lu i he mamici ic held. 'Shield-slats*' are per- 
pendicular lo (he lield. "product plates" arc parallel to the field, and finally, 
a *dnmp plaie" is perpendicular io U,c I i c • I c 1 . Partic les enter the collector 
region belwccn t lie shield-slats and are eil her rollrcted on the product plates 
or the dump plaie. 

When iion-resonaul panicles enter the collection region, these particles 
have small "viurailii ami thus cannot lie culled ed on the product plates. In- 

Tl»r tt\r:t\ »: ifi | ; ,\v 

/•»',„ = ur 

(whrrr i* is il»< |,rt*Miri-. I i> \i.|iiiim ... r<ipi«'<l liy ;\ moln nf gas. /? = «.:Jl x 
10' crg/iuol/K is t In* molar nn> i-ihisuhh . .iml V i> tin: «as icutpeniiurc (in Kelvin)). This 
expression i> w.Uvil lur l,„ . uliiili i> iln- volutin' roiii.aiiiiu» \ A = (>.o*i x 10 23 par/mol 
pnrtirlr^i. Sulviti*: for i In* pressure I'min I In* in-nirnl density. 

i> = :u l > ur ,7 ». 
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Figure? l.S: Siiii|»li- collector di-sigti. Part irl<*> ilini p;»ss the shield-slats and enter the 
collector region an- eithrr collected on tlir product or dump plates. Resonant particles, 
have lnrR<» gyrnrmlii. and an* roller i ml on ihe product plates. Non-resonant particles, have 
small gyroradii. find pass through tin- collector n^ion and are collected on the dump plates. 
Some panicle* strike the shield slats ami »re not. selectively collected hy the system. 
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stead, these particles trawl through the collection region and are collected 
on the dump plate. Resonant particles, however, have sufficiently large gy- 
roradii thai they arc collected on the product plate, and do not reach the 
dump plate. 

The major prohlcm with this collector system is that particles striking 
the shicld-slals are completely lost to the system. The optimal settings of 
the product plates and the- height, of shield plates determines the collector 
efficiency. To guarantee collection of all product material, adjacent product 
plates should he phired at distance 2/?,.. To eliminate all non-resonant ions, 
the shield-slats n.ust | M . 2H,J.i wide. This leads to the collector efficiency 
(fraction of producl material collected) of 



c '~ 1 



1.6 Type A and Type B Devices 

PEP device* ran In- divided into I wo hasic types. A and B. The type A 
machine, is I he now HasNical desiuu that was developed at TRW (11). The 
source is placed in a low Held re»iun. ami the enrichment is performed in a 
high Held region (n > | ). The A type device has two major advantages: 

1. I hese devices have heen must rurted and shown to operate (6, 11). 

2. Tin.* higher magnetic Held in I he eiirirhmont region will result in a 
physically >inallei devire. 

The second .lesi«n is the type M machine. These devices place the source 
in a high Held and peiTorm the enriehrtieiiL in a low field region (a < 1). 
These devices have several advantages: 

1. Tin- higher magnetic held at the source allows production of a higher 
density plasma (equal ion I ."»). making it easier to generate the required 
throughput. 

2. As the plasma expands into the low held region, the perpendicular 
plasma temperature drops (equation LIS], this allows a smaller ICRH 
drive* amplitude to overcome I he I hernial energy in the plasma. 
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pummel or 


formula. 


description 


13 s 


» 


source magnetic field 


D E 




enrichment magnetic field 






perpendicular source temperature 






parallel source temperature 






resonant to non-resonant gyroradius ratio 


i 


>;./Rl 


plasma to resonant ion radius radio 


C 


»r/»»r 


resonant to non-resonant density radio 


lh. 




»vn*radius ol" resonant, ion at collector 


/'. 




mass uumlier lor resonant ions 


/«.., 




mass uumlier lor non-resonant ions 


Zr 




charge slate lor resonant ions 






charge slate Tor non-resonant ions 


r 




required panicle throughput 



Table 1.1: Tltis lalilr siimiimriyes i.lir n;trnm<*tr<r> thai imiist lw known to design & PEP 
device. 

:\. The exislriire wl I lie 1 1 1 «• 1 1 lield region tin tlie end of the device allows a 
int ire advaucrd roller I m lu Ik* used (section l.'i). 

L Hefliirril rt-st for »ener;it.iou of magnet ir field. 

1.7 Summary 

This sertion iimiaius i\ summary of the equal ions that govern the design of 
a PEP device. The paramelers that musl he known to use these equations 
are deliuecl in t idile I.I. 
General quanl it ies: 
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Conditions i<>c|iiirccl by the source region (sections 1.3 and 1.3.1): 

(1.59) 



(. > U.*> 



- **,„,-■ (1-60) 

" gflSTO^ (L61) 

. lis 

yicc-Hii = (i.62) 



Enrichment region changes (section 1.1.2): 



>/; - — (1.63) 



= — (1.64) 

.. ■/.. < n i: 

= ^H7^ 0-65) 
.\hiss ifstilm imi (imt sixr ri'(|iiii chichi * (sections 1.4.3 and 1.-1.4): 

*.l/,.// r /i, ir r 



r > 



Z,i (if.; A ft 



(1.66) 



L - TTTh^t n.67) 

h - 7^77^7 n.66) 

.l.s > J:rn(- /f,.)' (1.69) 
(.'ollisiwiuil roiisirlrrulimis (sin-lion 

v ~ in i f 37«>*)' /a ) 



A„ ~ .'3 -It 



(1.71) 
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f'M^/tur [fir + fl tl r)ZJ ir Z r Xi; 

"s < — — — — x (1.73) 

{ 1.7 X l[)-"\„ll r it ur +!J.O X fF^Z^UW +/*r)} 

1.7-1 Numerical Forms 

The above equations ran l»<- ron verted into a numerical form for quick cal- 
culations: 
Source: 



»s < !).7J • Ufni (1.74) 
.Arrmi = -'.so x io"y.< (1.76) 



Enrirlniteui./Huw: 



Rcsolul ion: 



.1,; = LU-) x lir" 4— (1.77) 

„,, = «)., | * J || 1 (1.7$) 

iiCKII = l-VJ >r III 1 (1.79) 

/'r 



r > i.ui x nr' ^g= (l.so) 



(1.81) 



/, > • W *»2£!3£L (1 . S2) 

■ U > (-///.)•' (1.S3) 
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Collision;i I: 
A 



A, 



, :„,-,„(:M2 , 184l 



»* < '"x 10"— 

/'ii-(/«r+/«.r)^ r 2 r A« (L86) 



.»/.••{ 1.7 x Hi-'A,-,,,,,*., + ■».(] x IO-Z n ' r A,,( /< „ r + ,,,)} (1 - &7 > 

1.7.2 The Gd-PEP Device 

Considering a .l.-vi, ,- to |, M f;,|'" hum ,„G.I ,sfl . the above formulas can 
be simplified Inn her. Sirnv •lisfi'iiniiini ii.u I.ruv.fii <M Gtl'* T and <wGd ,S6 will 
be more d<-iiii.i»lii. S i|.,-n .lis. , iiniiu.i i<>„ Im-uw.i „.,Gd ,ST and a „v other Gd 
isotopr. this siitipliliriHH.il .;.n I.i- made |„ p;„ lirnlfir t l.r following numbers 
can he spcrilicl: 



Xr 

% t.r 



= ...I., 



ft, = I'm (lsg j 

f<„r = (1.S9) 

(1.90) 
(1.91) 

I U"'" pili i ii-|cs/s (1.02) 
C = iijrM.i.Cl'" 7 l>IM i; ,C.d Kni (i.93) 

Additionally, ii will l„. assmnnl that i|„. KCHII plasm,, somce produces an 
isotropic- plasm;,!!)]. Tim* / .< = 7 lh = mu | Sft = !. Combining these 
numbers with lln- above lommbts. a sot til lormulas sprc ifiodly for a Gd-PEP 
device can Ik* obtained. 
General: 



= v'-'-f. ( i.95) 
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Source: 



Enrichment /Flow: 



Resolution: 



C'ollisioual: 



us < 9.71 x 10' tfj 
7.17 x 10" 



7.17 x 10 10 



.Ac 



;//.; = SI.7I - 10 
= !!.(•*//,,- 



mi 



r > 



■2.".^. 



/- > l.!)1J x I (J 



i n 



i 

m >-tM -Hi ) 2 



/■: > l.:iu x Hi 



A„ - :iO-lnjo.7S7 ^~rr 2 ) 

A- - 2:< - In { L!W %37f} 



< "i.7^ x 10 

< U.I7*i 



A, 



r.( HiJA„ + NI!)A„) 



(1.96) 
(1.97) 

(1.98) 

(1.99) 

1. 100) 
1-101) 

1.102) 

1.103) 

1.104) 
1.105) 

1.106) 
1.107) 

1.10$) 
1.109) 
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Chapter 2 
Advanced Collector 



A major improveineni can he made w, i he- PEP system by changing the 
collector. The <-«il1c*f tor sysiem described in section 1.5 has the advantages 
of bring both si.np| r mul previously t.Mcd[!l). This collector, however, 
has several disadvantages. In pai iiculai . geometric considerations limit the 
collector elliriency to & = (.*- | )/.*. Plasma considerations, limit the purity 
of both the product and tailin*; produced by litis svstcm. 

Pstiig global pmpert ies of i he plasma, it is possible to design a collec- 
tor system that should allow essentially Wi\ v A recovery of both product and 
tailing material. In Hurt. ihi* system | nod cues i wo out puts. a product col- 
lector that ronu.ms \mVX product, and a dump plate that contains only 
noii-prodnct material. 

This new n>||<i design is referred iu. in this report, as the "advanced 
collector. A lull description of i his collector system requires complexities of 
plasma physics which are beyond tin* scope of this report. The basic idea, 
however, can be explained fairly simply. 

To understand the collector system. I lie concept of a magnetic mirror 
(first introduced in section I.I.J) must be understood. This phenomenon 
occurs when plasma particles travel from a low field region to a high field 
region. Here, both the panicle energy and the magnetic moment of the 
particles are conserved. ( oiiserval ion of magnetic moment requires that as 
a particle enters the high held region it's perpendicular velocity increases. 
Combined will, conservation of energy this implies that the axial velocity 
of the particle decreases. If the increase in the held is sufficiently large the 
particle will slop ami be rellected. 
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Fijrnrn 2.1: l';irUr!<v roiil'iunl l»y ;i niHgiiHic mirror. Tin* cWlutl tine shows the boundary 
between piiriii'lcx muliutil mid urn rimlininl hy ;i iiin^ietic mirror. The slope of the 
diagonal linn is - I), ;ih«l HujH x i* rrfrrrtil to \\% the mirror ratio. The conical 

of pnrtirliK tn»l nlh-clrd from I ho mirror is n-ffrrrcl to a* the loss-cone. 



The axial velocity of a particle entering a high field region is given by (sec 
derivation of equation 1.20) 

•nj-'Tttf + '-xiffl-^) (2.1) 

(where H K is the low mattiiclic lield itud H : is the high magnetic Held). Ex- 
amination of this rr|iiai.ioii judical i*s that i f I ho mirror ratio (B 2 /B\) is fixed, 
particle will, snlliciciii ly high r x (relative to i-jj) will be reflected from the 
mirror, but particles with low perpendicular velocity will pass through the 
mirror (figure 4 2. 1 ). 

In the enrichment region of n PEP device, the perpendicular velocity of 
the resonant ions is greatly increased, while the parallel velocity remains 
unchanged. Consider a PEP device with magnetic mirrors on both sides 
of the device* (figure '2/2). This ncc<*ssi lilies a type H device (section 1.6). 
By careful choice uf the mirror ratio on the enj lector side of the device, the 
resonant particles whicli huve a much higher perpendicular velocity can be 
reflectefl from the mirror. The non-resonant particles, however will travel 
directly ih rough the mirror onto the dump plate. 
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Fignrci 2.2: Sl,.mn is „.K-.„,r,.,| • ,.ll...-...r *>*,..,„. | | w sv « u .„, Uf>KrHlea bv £e „„ at j n _ 

3 u " "," rr "r ;"' si,,,,s ,,r ,,rir ' «» « « loj-snrs 

m rror. :,„.l ,)„ (s , ,,..>.„,„, „„. „„„., mjrror m 

Lt LrT " ,:,t «e not reflected by this 

m,rr0r - 1,1,1 1 "'•".•r.-.ir.l monnnl pnrtirlos ,,„.. Thus the non-resonant particles make 
one trans. tncro« H„ .levir,- .,,,.1 ,.rr collr-rlr.) <„, dump plate. TI.e resonant particles 

Z pro^'r " V " '" irr " rS - ! ,mr "" rmli "" V " " re c °»« l «* o« 
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The discrimination at the end minor can be adjusted to be very good. 
This can he done because the average resonant particle has ff 1 times the 
energy of the average non-resonant, particle. 

At this point, the majority or the nun- resonant particles have left the 
device on the first transit across the device*. The resonant particles, however, 
are reflected from the collector side and travel backward through the enrich- 
ment region. Mere some particles will be ilerelerated. and some particles will 
be accelerated by the IC'RII field, depending on the phase at which the par- 
ticles enter the field. In either case, particles reaching the source region will 
either he reflected there, ur absorbed back onto the cathode. 

In actuality, most resonant inns will lie reflected at the source region 
mirror. This is Tor several reasons: 

1. Extremely lew particles will enler I he enrichment region exactly 180° 
degrees out uf phase with I he K'Hll drive and lose sufficient energy to 
pass though the source region minnr. 

J. Tin- source region mirror ratio chii l>e adjusted to be higher then the 
coIle<-lor side mirror. This will greatly increase the number of reflected 
ions. 

:\. l'mally. the helical nature of the ICKII drive held will tend to prevent 
loss of all gained perpendicular energy during the backward transit of 
t he enrichment region. 

The majority of the resonant ions Urnmc trapped between the source region 
mirror ami the lollecior region mirror. The non-resonant ions, however, will 
simply pass through both mirrors and be collected on the dump plate. 

The resonant ions are not trapped hy the mirrors forever. Plasma ef- 
fects [5] and the effective scattering from I he enrichment region 1 will cause 
radial transport in the resonant ions. These ions can then be collected on a 
circular ring outside the radius of the main plasma. 

As was stated earlier, a complete discussion of the proposed advanced 
collector system is beyond tin* scope of this report. The following sections 

'As a msnnnuf ion pass--* Imrk ami fnrili litnmgh tlx* oiirirhiiittiiL rrgion, it will en- 
counter lit** It * I < II <lrtv<> Im -It I at rJMiili.iu |»ii;t>< This will form » scjiUrring source that 
will ch»i?*» h railial niuiliim walk in llu- giiiiiiu:* mil it for I In* ion. 
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contain comments on some of 1 he important topics relating to this new col- 
lector and device configuration. A full investigation of the collector system 
using more advanced I heretical models, computer simulations, and experi- 
mental ex plural ion is required. 

2.1 Instabilities 

Magnetic minors wnv lirsl ilrvelopeil as h possible fusion devices. Instabili- 
ties that scjitlered particles into the mirror loss-cone eventually put an end 
to this line of ile\ ctopmcui . Loss-cone scHttering is essentially velocity space 
scattering ol particles. This was significant in the fusion program, because 
particles seal toil into the loss-rode were not confined by the magnetic mirrors 
and thus wen* not confined by the device. These instabilities are driven by 
the hole in the particle distribution caused by removal of all particles in the 
loss- cone. 

Loss-rone instabilities should not dun the PEP device, for several rea- 
sons. First, the loss-runes are not empty, but ral her full of particles. These 
particles are. however, not routined within the device, but simply passing 
through. Sim ond. in the case of i lie Cd-I'KI' device, only the resonant parti- 
cles are ronlhied by the mirror. These particles are such a small fraction of 
the total number of particles, ilia! insi ahilii ies should not be a problem. 

2.2 Neutral Control 

Tlie simple collect ur was i intmnie I u nciii nd pari ides pita I need by the source. 
This is because neutral part ides essent billy move with line-of-sight motion, 
and the product plates are protected by the shield-slats (section 1.5). 

In I he advanced collector system, the product ring may he in line-of-sight 
from the source. This problem ran be controlled by: 

1. Controlling the production of neutrals (section ??). 

Angling the product rin« such thai it presents a small solid angle to 
t he source. 

:j. Placiu" the product rin» such that it is nut. in line-of-sight from the 
sot tree. 
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2.3 Column Area and Collisions 

Because tin* advanced collector system relies on radial transport properties of 
the plasma, it will br less .sensitive u> several cllccts. First, charge separation 
effects from ions outside the plasma column are minimized. This is because 
some of the plasma elect rons are also confined by the mirror, and thus radially 
difFuse with the resonant inns (providing for neutralization). 

Collisions with plasma particles can lie tolerated to a higher degree. This 
is because the mean time between collisions does not have to be the entire 
acceleration lime lor the resonant ion. but simply sufficient time to accelerate 
to the point where the ion is trapped by the magnetic mirrors. 
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Many alterations and modifications may be made by those having ordinary skill in 
the art without departing from the spirit and scope of the invention. Therefore, it must be 
understood that the illustrated embodiment has been set forth only for the purposes of 
example and that it should not be taken as limiting the invention as defined by the 
5 following claims. 

The words used in this specification to describe the invention and its various 
embodiments are to be understood not only in the sense of their commonly defined 
meanings, but to include by special definition in this specification structure, material or 
acts beyond the scope of the commonly defined meanings. Thus if an element can be 
1 0 understood in the context of this specification as including more than one meaning, then 
its use in a claim must be understood as being generic to all possible meanings supported 
by the specification and by the word itself. 

The definitions of the words or elements of the following claims are, therefore, 
defined in this specification to include not only the combination of elements which are 
1 5 literally set forth, but all equivalent structure, material or acts for performing substantially 
the same function in substantially the same way to obtain substantially the same result. 

Insubstantial changes from the claimed subject matter as viewed by a person with 
ordinary skill in the art, now known or later devised, are expressly contemplated as being 
equivalently within the scope of the claims. Therefore, obvious substitutions now or later 
20 known to one with ordinary skill in the art are defined to be within the scope of the 
defined elements. 
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The claims arc thus to be understood to include what is specifically illustrated and 
described above, what is conceptionally equivalent, what can be obviously substituted 
and also what essentially incorporates the essential idea of the invention. 
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v 

We claim: 



1 1 . An improvement in a plasma apparatus for isotope enhancement, said 

2 plasma apparatus having an elongated chamber for holding a main plasma, means for 

3 generating a predetennined magnetic field in said chamber, a plasma source in said 

4 chamber, means for moving ionized isotopes from said plasma source along said 

5 elongated chamber at a resonance frequency of a desired one of said isotopes, and a 

6 collector for separating said isotopes based on their differential energies, said 

7 improvement comprising: 

8 a pair of magnetic rnirrors disposed at opposing ends of said elongated chamber, 

9 so that resonant ions are reflected between said two magnetic mirrors, wherein at least 

10 one of said magnetic mirror has a higher field strength than said predetermined magnetic 

1 1 field in said chamber so that nonresonant ions pass through said least one magnetic 

1 2 mirror and resonant ions are reflected therefrom, said collector for said resonant ions 

1 3 comprising a circular ring outside of said main plasma in said elongated chamber. 



1 2. An improvement in a method of providing isotope enhancement in a 

2 plasma apparatus, said plasma apparatus having an elongated chamber for holding a main 

3 plasma, means for generating a predetermined magnetic field in said chamber, a plasma 

4 source in said chamber, means for moving ionized isotopes from said plasma source 

5 along said elongated chamber at a resonance frequency of a desired one of said isotopes, 

6 and a collector for separating said isotopes based on their differential energies, said 

7 improvement comprising the steps of: 
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g reflecting resonant ions between a pair of magnetic mirrors disposed at opposing 

9 ends of said elongated chamber, wherein at least one of said magnetic mirror has a higher 

10 field strength than said predetermined magnetic field in said chamber so that nonresonant 

1 1 ions pass through said least one magnetic mirror and resonant ions are reflected 

12 therefrom; and 

13 collecting said resonant ions on a circular ring outside of said main plasma in said 

14 elongated chamber. 
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Fig. 1.3 



WO 97/20620 



4/7 



PCT7US96/19468 
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